INTRODUCTION
============

Cryo-electron microscopy (cryo-EM) has made spectacular advances and is now considered the first choice to determine the high-resolution structures of protein complexes in native states. The development of a direct electron detection camera was the primary trigger of the remarkable progress in single-particle cryo-EM in the last few years ([@ref2]; [@ref3]; [@ref11]). New software for image processing and increased computing power-assisted by graphic processing units enable researchers to determine the structure in a reasonable time ([@ref8]; [@ref15]). To visualize the native conformation of protein samples in the high vacuum inside the electron microscope and to reduce the radiation damage caused by electrons, the preparation of cryogenic sample grids is strictly required ([@ref5]; [@ref10]).

Although many experimental steps in the collection of EM images have been simplified and automated, the whole method is not routine or standardized compared to X-ray crystallography ([@ref4]; [@ref9]; [@ref16]). One of the limiting steps of cryo-EM is to reproducibly obtain a thin layer of the frozen aqueous solution from the grid ([@ref6]). Typically, 2 to 5 μl of protein sample is loaded on the EM grid, and the excess sample liquid (\~99.9% of the sample volume) is removed through blotting with a filter paper ([@ref14]). Although blotting force and time are adjustable in this procedure, they are typically not predictable for each grid preparation due to variable protein sample, concentration, and buffer composition ([@ref12]). Thus, much trial-and-error practice interferes with efficient use of the expensive cryo-EM facility.

Recently, the use of self-blotting grids was introduced to allow cryo-grid preparation in combination with ink-jet spotting ([@ref7]; [@ref13]). More recently, a blot-free and lossless preparation from nanoliter-sized protein samples was developed ([@ref1]). Here, we present a new approach to monitor the states of liquid layers around the holes in EM grids using the diffraction of a laser beam by the EM grid.

MATERIALS AND METHODS
=====================

Apparatus
---------

A prototype of the Diffracto-Plunger DP-2019A (XTEM BioLab, Korea; <https://xtembiolab.com/>) was used to measure the diffraction pattern and intensity and to prepare the cryo-EM grids by plunging into liquid ethane. A 5-mW, 650-nm red laser outfitted with a 5-mm-long collimator with a 5-mm hole was used as the light source.

Sample preparation
------------------

Prior to the use of the grids, the Quantifoil R1.2/1.3 grids (Pelco International, USA) were glow discharged for 50 s using a plasma cleaner (medium setting on Harrick module, PKC-3xG; Harrick Scientific Corp., USA). Distilled water (DW) was loaded on the Quantifoil grids and plunged into liquid ethane using the Diffracto-Plunger DP-2019A (XTEM BioLab) under 90% humidity.

EM images
---------

The grids were imaged under low-dose conditions using a Titan Krios electron microscope (Thermo Fisher Scientific, USA) operated at 300 kV. The specimen stage was maintained at the temperature of liquid nitrogen. Images were recorded using a Falcon 3EC direct electron detector (Thermo Fisher Scientific).

RESULTS
=======

Diffraction of a laser beam by cryo-EM grids with 2-dimensional arrays of holes
-------------------------------------------------------------------------------

Quantifoil EM grids are widely used for cryo-EM and are covered with carbon film, which has a two-dimensional (2-D) array of holes on 300- to 400-mesh copper grids ([Figs. 1A and 1B](#F1){ref-type="fig"}). Because the copper EM grids can act as a 2-D grating for a laser beam, a diffraction pattern can be obtained when, for example, a red laser (650-nm wavelength) is applied to a 300-mesh grid ([Fig. 1](#F1){ref-type="fig"}). Despite the presence of the carbon film on the copper grid, the laser beam partially penetrates the thin film to produce a diffraction pattern that can be calculated using Bragg's law, *nλ* = *2d* sin *θ*, where *n* is an integer, *d* is the spacing between reflection planes, and *θ* is the reflection angle. The 85-μm squares in the 300-mesh copper grid generate a cross-hair diffraction pattern with 0.8-mm spacing on a screen at a 10-cm distance from the grid ([Fig. 1C](#F1){ref-type="fig"}). The square shape of the mesh produces strong diffractions along the x- and y-axes of the mesh, while diffraction in the other directions is weakened by cancelation, which is correlated with the point spread function of the square. Importantly, there is another level of regularity in the holes of the carbon film ([Fig. 1B](#F1){ref-type="fig"}). The Quantifoil R1.2/1.3 grid has 2.5-μm spacing between the centers of 1.2-μm-diameter holes on a 300-mesh copper gird (Pelco International). The circular holes of the carbon film laid on the copper grid generate a grid diffraction pattern with 27-mm spacing ([Fig. 1D](#F1){ref-type="fig"}).

In the diffraction experiment, the grid strongly diffracted the 650-nm laser beam ([Fig. 2](#F2){ref-type="fig"}), resulting in a noticeable central cross-hair pattern with 0.9-mm spacing. The spacing of the diffraction pattern was consistent with the 0.8-mm value calculated from the 85-μm spacing (pitch) of the 300-mesh grid. Another diffraction pattern with much longer spacing was observed in addition to the central cross-hair pattern ([Fig. 2](#F2){ref-type="fig"}). The 26-mm spacing of this diffraction image coincided with the 27-mm value calculated from the 2.5 μm between the holes of the grids. The diffraction spots exhibited a further fine structure of a cross-hair pattern because the holes were under the background of the 300-mesh grid ([Fig. 2](#F2){ref-type="fig"}). Theoretical analysis showed that each spot was a convolution of the two regularities of the grids, and the diffraction images represent the Fourier-transformed images of the grids.

Device architecture
-------------------

To analyze the correlation between the liquid amount on the grid and diffraction pattern, we designed a custom equipment assembly, a schematic of which is presented in [Fig. 3](#F3){ref-type="fig"}. A dark chamber with a distance of 10-cm from the grid to screen contains a laser/filter paper assembly that moves horizontally to allow loading of the sample liquid at the retracted position (R; [Fig. 3A](#F3){ref-type="fig"}) and absorption of the sample liquid with the filter paper at the absorption position (A; [Fig. 3B](#F3){ref-type="fig"}). The diffraction image is collected when a circular filter paper with a "V" shape is at position R, and the filter paper at position A absorbs the sample liquid on the grid ([Fig. 3C](#F3){ref-type="fig"}). The camera records the diffraction images, and a Cadmium sulfide (CdS) based light sensor measures the beam intensities of the diffraction spots from the Quantifoil holes during the absorption step. Because the CdS-based light sensor provides a log-scale value for light intensity due to its electronic properties, the measured values are more sensitive at lower light intensities. Therefore, the value measured by the CdS-based light sensor will hereafter be used as the light intensity despite the technical differences between the two values.

Volume-based changes in the diffraction pattern
-----------------------------------------------

Prior to loading the sample on the grid, we measured the intensity of the diffraction spot for an empty grid. The sample was then loaded with the laser/filter paper assembly at the retracted position. As soon as the filter paper touched the grid (by approaching the laser/filter paper assembly), the diffracted beam intensity was recorded; the process was also documented on video ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Video S1](#S2){ref-type="supplementary-material"}). Most of the liquid on the grid was absorbed by the filter paper at the same time as contact ([Fig. 4](#F4){ref-type="fig"}; a). After an initial lag of 7 s ([Fig. 4](#F4){ref-type="fig"}; a-c), a gradually decreased diffraction intensity was observed over 30-40 s ([Fig. 4](#F4){ref-type="fig"}; c-e). At approximately 35 s, the minimum diffraction intensity was recorded with blurred diffraction spots ([Fig. 4](#F4){ref-type="fig"}; e). The intensity then increased with a steep slope for approximately 20 s, followed by a more mild increase ([Fig. 4](#F4){ref-type="fig"}; e-g) until the diffraction intensity matched that of the empty grid ([Fig. 4](#F4){ref-type="fig"}; h).

Although significant variations were observed in the time required to reach the minimum light intensity, each grid showed a similar pattern of time-dependent diffraction light change in terms of the direction of change (i.e., increased or decreased). Therefore, the state of the liquid on the grid could be determined by carefully monitoring the decrease and/or increase in light intensity. Because the device was also equipped with a plunging apparatus, the grids were plunged at the desired time point, which was determined based on diffraction intensity. Optimal ice thickness was typically obtained when the grids were prepared in the steeply increasing region ([Fig. 4](#F4){ref-type="fig"}; e-g), which was highly reproducible ([Fig. 5](#F5){ref-type="fig"}). Of the 6 grids prepared in the steeply increasing region, all showed a reasonable ice thickness ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}).

DISCUSSION
==========

Diffraction patterns provide Fourier-transformed information on the regularities. In preparing EM grids, it is helpful to know the liquid amounts on the grid in real-time. Although high-end light microscopy at high magnification could provide this information, it would be impossible to determine the state of the entire grid because only a small area can be visualized in real-time at high magnification. In contrast, diffraction images show the overall feature of the grid states in a cost-effective manner because each diffraction spot is a summation of the light from all the holes using an inexpensive laser source. Thus, the diffraction method might yield better information on the grid states, allowing researchers to determine suitable conditions for each cryo-EM experiment at an affordable price.

There are many factors affecting the intensities and shapes of diffraction patterns. It is reasonable to assume that the depth of the liquid in the holes does not decrease the penetration efficiency of the laser light because the liquid layer is extremely thin compared to the distance to the screen and does not highly absorb laser light at 650 nm. However, backscattering at the incidence of the beam on the surface of the liquid should be taken into consideration. The backscattering of light would decrease the penetration rate of the laser even though the liquid layer in the holes is very thin. The penetration efficiency would be fully recovered when the liquid layers were removed by complete drying.

Another important factor is the refraction of light by the liquid layer, as light is refracted differently by concave and convex shapes. The curvature of the liquid in the grid holes is changed depending on the amount and surface tension of the liquid. If the liquid curvature is convex appropriately, the diffraction beam would be focused on the screen leading to a slight increase in the diffraction intensity. If the liquid curvature is concave, the diffracted light diverges on the screen or the light sensor, resulting in blurred diffraction spots with decreased diffraction intensities. Indeed, a slightly elevated diffraction intensity was observed within 7 s, which might be related to the convex curvature of the liquid in the holes ([Figs. 4](#F4){ref-type="fig"}A; c and [6C](#F6){ref-type="fig"}). Then the diffraction intensities were decreased as the filter paper absorbed the sample liquid ([Fig. 4](#F4){ref-type="fig"}; e), which would be associated with the concave shape of the liquid in the holes as shown in [Fig. 6E](#F6){ref-type="fig"}. As the filter paper absorbs more liquid from the grid, the water membrane formed by the concave curvature in the holes would be ruptured, which increases the diffraction intensity ([Fig. 6F](#F6){ref-type="fig"}). In this study, the time between minimum diffraction intensity and the increasing-intensity region was suitably discernable to allow for the plunging of the grids into the liquid ethane at that time point.

Based on these preliminary data, we are preparing grids with protein samples to collect images for structural determination. We believe that the real-time monitoring of grid states using the diffraction method will reduce EM time by allowing rapid determination of the optimal conditions for reproducible freezing.
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======================
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![Quantifoil grid (R1.2/1.3, 300-mesh copper grid) and its predicted diffraction patterns from a 650-nm laser beam at a 10-cm distance.\
(A) Schematic of a 300-mesh Quantifoil grid with 85-μm spacing. (B) Enlarged schematic view of the holes in the carbon film, with the diameter and spacing of the holes, was indicated. (C) The calculated diffraction pattern of a 300-mesh square grid at a 10-cm distance using a 650-nm laser beam. (D) The calculated diffraction pattern of the 2.5-μm spacing of the circular holes.](MolCe-43-298-f1){#F1}

![A representative diffraction image of a Quantifoil grid (R 1.2/1.3, 300-mesh copper grid) at a 10-cm distance from the screen using laser light at 650 nm.\
Rectangular black tape was attached to reduce the intensity of the direct beam (0, 0). The cross-hair line with 0.9-mm spacing (green arrow) is due to the 300-mesh copper grid. The indexed spots from the holes in the carbon film on the grid were represented.](MolCe-43-298-f2){#F2}

![Schematic of the plunging apparatus.\
The laser/filter paper (FP) assembly moves between the 'R' and 'A' positions. The laser (red line or red circle) is aligned horizontally to the Quantifoil grid (QG), which is affixed using a sharp tweezer. The diffraction spots appear on the screen, and the CdS light sensor measures the light intensity of a spot in real-time. (A) In the 'R' position, the light intensity of the spot from the empty QG is recorded, and then the sample is loaded onto the QG. (B) The laser/FP assembly is moved to the 'A' position. The FP, cut into a V-shape, absorbs the liquid on the QG at time 0. Then, the graph showing the light intensity of the spot is produced for the time course. (C) Alignment of the QG, the V-cut filter paper, and the laser beam. The laser beam passes through space in the V-cut filter paper and irradiates the QG.](MolCe-43-298-f3){#F3}

![Changes in diffraction patterns when pure water is loaded on the grids.\
(A) The time-dependent light scattering profiles of DW. One diffraction spot (--1, 0) was recorded using the CdS-based sensor and is circled in the image (B). The light intensity value was represented as Lx, which is arbitrary units. Time 0 is when the laser/filter paper module contacted the grid. The initial light intensity was represented as a red arrow. The image at (a) shows the diffraction image of the empty grid. (B) The diffraction patterns of DW at the time points (c, e, g, and h) denoted in (A).](MolCe-43-298-f4){#F4}

![Overall atlas of the grid showing a vitrified sample on a Quantifoil grid.\
(A) Representative grid atlas collected using EPU (Thermo Fisher Scientific) showing constant ice thickness in most of the grid squares. (B) TEM images of holey carbon grids with embedded vitreous ice.](MolCe-43-298-f5){#F5}

![Interpretation of liquid amounts in holes and diffraction images.\
(A-F) The predicted liquid curvature in the hole that affects the diffraction patterns over blotting time. The hypothetical liquid amounts in the holes for each diffraction image (right) are represented on the left. The diffracted reflection was produced when the laser faced another medium. The refraction patterns of the laser were used to determine the curvature of the liquid in the holes. Gray squares represent the ends of the holes in the Quantifoil grid, and blue represents water.](MolCe-43-298-f6){#F6}
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